The emission rates of volatile organic compounds (VOCs) were measured to investigate the emission characteristics of five types of common furniture products using a 5 m 3 size chamber at 25 • C and 50% humidity. The results indicated that toluene and α-pinene are the most dominant components. The emission rates of individual components decreased constantly through time, approaching the equilibrium emission level. The relative ordering of their emission rates, if assessed in terms of total VOC (TVOC), can be arranged as follows: dining table > sofa > desk chair > bedside table > cabinet. If the emission rates of VOCs are examined between different chemical groups, they can also be arranged in the following order: aromatic (AR) > terpenes (TER) > carbonyl (CBN) > others > paraffin (PR) > olefin (HOL) > halogenated paraffin (HPR). In addition, if emission strengths are compared between coated and uncoated furniture, there is no significant difference in terms of emission magnitude. Our results indicate that the emission characteristics of VOC are greatly distinguished between different furniture products in terms of relative dominance between different chemicals.
INTRODUCTION
Volatile organic compounds (VOCs) have received a great deal of attention due to high abundances and associated impact on health, especially in indoor environments [1, 2] . A wide spectrum of sources can contribute to the emission of VOCs in both indoor and outdoor environments. In case of indoor emission, VOCs are released from furnishing products and/or household products. Although the chemical compositions of VOCs in the indoor environment are not simple enough to describe, aromatic hydrocarbons have often been identified as the most dominant components [3, 4] . A number of compounds such as benzene, toluene, ethyl benzene, and xylene are widely known as the key components with common grouping acronyms like BTEX [5, 6] .
The emission rates of VOC have been measured intensively by numerous authors to help to assess their influence on air quality and the human health impact [7, 8] . Chamber method is one of the common testing techniques to evaluate the exchange rate of such pollutants released from diverse sources. As VOCs can be produced from various materials used in residential households (such as wood-based products, adhesives, rubber, and wall paint), they can affect human health to varying degrees [9] . The pattern of VOC emissions, if assessed between source materials or between chemical components, can vary greatly between materials under diverse conditions [10, 11] . Frequent usage of certain furniture products in every normal day may increase the rate of exposure to reactive substances and secondary products released or produced in indoor air [12] . This type of exposure can lead to many common symptoms, for example, acute respiratory infections, lung disease, allergies, and so forth [13] [14] [15] [16] .
To learn more about the emission characteristics of indoor VOCs from household sources, five types of furnishing products (i.e., desk chair, bedside table, dining table, sofa, and cabinet) were chosen to explore the basic aspects of the indoor emissions. Emission rates of all these 5 products were measured by employing a large-scale chamber system. The results of our chamber experiments were evaluated in terms of their exiting concentration (μg/m 3 ) levels and emission rate estimates (flux in terms of mg/unit/hr) for direct comparison between different parameters.
MATERIALS AND METHODS

Overview of Sampling Chamber
In this study, a big-size chamber system with a 5 m 3 capacity was used to collect samples from each of our 5 target furniture products. The chamber system basically consists of 4 parts: the main emission chamber, air purification system, temperature (and humidity) control system, and heating unit ( Figure 1 ). The main emission chamber is built with a double body structure, which includes (1) an inner chamber (width 1.850 × depth 1.850 × height 1.500 mm) and (2) an outer chamber (width 4.000 × depth 2.500 × height 2.400 mm). The inner unit was made using SUS 304 material (stainless steel) to minimize adsorption of pollutants. The edge of chamber doors was coated with Teflon material to protect gas leaking with inertness. In addition, to reduce possible contamination during sample collection, we employed an air purification system consisting of a prefilter unit, a molecular sieve (10Å) filter (for dehumidification), and a main filter made of microactivated charcoal (1300 m 2 /g). The air trapped between the two (inner and outer) chambers was heated constantly by the heating unit at 70 • C.
Testing Materials (Furniture Products)
In this study, 5 different furniture product samples (in low to middle price range) commonly available in republic of Korea were selected by considering popularity, variety, and communality. All of these samples were purchased less than 2 weeks of their arrival at the end seller. The selected samples can be described as follows. (1) Table and chair (medium density fiberboard (MDF) 100%).
(2) Bedside table made of board (MDF (50%), high-density fiberboard (HDF: 20%), and particleboard (PB: 30%). Its surface is covered with low-pressure melamine (LPM: 80%) and polyvinyl chloride (PVC: 20%).
(3) Dining table (natural marble (50%), rubber wood (40%), and MDF (10%)) with chair (wood (30%), MDF (10%), foam (20%), and polyurethane (PU) leather (40%)).
(4) Sofa with foam (20%) and PU leather (80%).
(5) Cabinet made up of board (PB (70%) and MDF (30%)) with its surface (LPM (70%) and polypropylene (PP: 30%)).
Sampling
The chamber test for each furniture product was technically undertaken as the 2-stage test from blank to real samples ( Figure 2 ). The former step was initially taken to check the cleanness and stability of the system, as the maintenance of the blank level is quite critical to operate this chamber system. Once this initial step is completed, the latter step proceeded to estimate the emission rates of the actual samples. The emission rates of all 5 target products were measured during the period of 28 August through 27 December 2009.
Cleaning and Bake-Out for Blank Level Analysis
It is important to reduce any possible bias in the measurements of emission rates for diverse furniture types. Thus, recovery rate of chamber was first tested for blank conditions of chamber. To initiate the blank experiments, it was first cleaned using (1) ethanol and (2) pure water. It was then baked at 70 • C for 24 hours and stabilized at 25 • C and 50% relative humidity (RH). Pure air was supplied constantly into the chamber for a duration of 24∼72 hours to check the blank levels of the flux measurements. Then, the air sample was loaded into sampling tube filled with Tenax-TA (Supelco, USA) adsorbent for 30 minutes at a flow rate of 0.15 L min −1 . Once samples are collected, each tube was protected immediately from contamination by the use of air tight tube seal. The collected sampling tube was analyzed for VOC by gas chromatography/mass spectrometer (GC/MS) system (Agilent 6890, USA) combined with thermal desorber (Model: TDS2-7, Tenax TA. In our analysis of VOCs, there are a number of limiting factors to derive fully quantitative data sets. For instance, although the use of Tenax is potent enough to assess concentration levels of common VOCs (e.g., BTEX), it is not necessarily compatible with all individual components of PS, especially the lighter VOCs (e.g., 1,1,1-trichloroethane (ISO 16017-1)). For the analysis of samples, a total sampling volume of 4.5 L was collected at a flow rate of 0.15 L/min for 30 minutes (MP-30 pump, Sibata, Japan). Before sampling, the adsorption tube was conditioned for 240 minutes at 300 • C with the supply of pure N 2 (150 mL/min) using tube conditioner (APK1200, KNR, Korea). After sampling, the tubes were stored in an airtight condition below 4 • C and analyzed within 2 weeks. The method detection limit (MDL) was estimated by seven repetitive analyses of the least detectable quantity of working standard loaded into the sampling tube. The MDL values for each compound estimated in terms of absolute mass were typically under 2 ng. In addition, the relative standard deviation for all target VOCs, if derived based on three repetitive analyses of the sampling tube, fell below 5%.
RESULTS AND DISCUSSIONS
Estimate of VOC Emission Rate
The emission rates for the materials are estimated by considering a particular flow of air passing through the unit in the test chamber (mg/unit/h). The VOC emission rates for the test materials are thus determined in parallel by concentration (μg/m 3 ) of each target component exiting the chamber. Information on the amount of VOCs contained in the exiting air (μg/m 3 ) provides us with general information of VOC levels and the following exchange rates through time:
where SER u is the unit specific emission rate (mg/unit/h), C t the concentration in exiting air (t) (mg/m 3 ), C tb the concentration in entering air (mg/m 3 ), N the air exchange rate (1/h), Q the ventilation rate (m 3 /h), and V the volume of chamber (m 3 ). There are many methods developed to assess the emission rates of building materials such as mathematical models with the consideration of some intricate factors [17] [18] [19] [20] [21] . Because of the diverse shapes of furniture product samples investigated in this study, it is not possible to directly assess the total surface areas of each sample product. Hence, as a simple method to assess the emission rates of such furniture products, equation (3.1) was used for all our target products, regardless surface area.
The General Pattern of the VOC's Data
A total of 39 target compounds were determined in this study, as tabulated in Table 2 . Table 3 presents statistical summary of these 39 target VOCs to allow a direct comparison between five types of furniture products investigated in this study. The concentrations of target compounds varied greatly between the products. The results shown in Table 3 indicate that the highest equilibrium concentration (μg/m 3 ) was recorded by toluene (330 ± 2.51), while the lowest was by bromodichloromethane (0.28 ± 0.19). If this comparison is made for all 5 products, the highest values were consistently seen by toluene (with an exception of ethylbenzene as the highest in the dining table). The equilibrium concentration levels of all individual VOCs (except the two dominant of toluene and ethylbenzene) are typically below 100 μg/m 3 .
In compliance with this finding, many authors have routinely found toluene as the predominant component of the VOCs released from furniture, based on both small- [18, 20, 22, 23] and large-scale chamber tests (environmental chamber) [24] . Note that a serious health concern has been raised with respect to toluene (e.g., birth defects) depending on its intake amount, exposure duration, genetic susceptibility, age, and so forth. For the reader's reference, the maximum concentration of toluene determined from three furniture types (i.e., desk chair, dining table, and sofa) in fact exceeded a strict guideline value of 80 ppb (∼307 μg/m 3 in standard conditions (25 • C and 1 atm pressure)) set as the minimum risk level of chronic duration [25] . If these data are evaluated in terms of the abundance of VOC types, dining table was recorded with the highest number (38 compounds). In contrast, the cabinet showed the least one (20 compounds), although it recorded the highest level of benzene (2.45 ± 1.28) among 5 types of furniture. Benzene is well known as a human carcinogen [26] .
The emission rates of these types of furniture were also calculated to assess the relative intensity of their source strengths. As shown in Table 4 , the emission rates of 39 target VOCs are summarized for each product. These emission rates are highly comparable to the pattern already described by concentration data (μg/m 3 ). As can be expected, the highest emission rates were recorded from toluene for most products. The relative ordering of the TVOC emission rates, if compared between all five types of furniture, can be arranged in a highly consistent manner: dining table > sofa > desk chair > bedside table > cabinet ( Figure 3) .
The observed differences between individual furniture types reflect the differences in the properties of materials used for their production. To facilitate further evaluation of these emission data, all 39 compounds were evaluated in terms of 7 data groups by considering their chemical families: aromatic (AR), carbonyl (CBN), paraffin (PR), halogenated paraffin (HPR), halogenated olefin (HOL), terpenes (TER), and others (Table 2 ).
Temporal Trend of VOC Emission Rates from Different Furniture Type
In this paper, the emission rate of TVOC derived by the toluene response factor was evaluated along with the emission rates of all individual VOCs. TVOC is the one single parameter that is simpler and faster for the calculation of the concentrations (or emission rates) rather than evaluating several dozens of individual VOCs [27] . In the Republic of Korea, the Korean Ministry of Environment (KMOE) provides regulation guidelines for VOC emissions from building materials such as in terms of TVOC [28, 29] . The results of our study derived for each product are thus compared in terms of TVOC, as shown in Figure 3 . The TVOC data collected within 14 days (after sample production) show greatly distinguishable patterns between the products. The highest equilibrium emission rate of TVOC (mg/hr/unit) was derived from dining table (7.85), while the lowest one was from cabinet (0.39). The emission rates of all 5 furniture types tended to gradually decrease toward the end of the tests (up to 14 days), as they approached equilibrium. Higher emission rates were generally produced within a few hours, and then the values decreased systematically. As seen in Figure 3 , the total individual emission rates of dining table, sofa, and desk chair became similar after 14 days. The other two also approached the least values but at much reduced rates.
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The acronyms of VOCs are provided in Table 2 . To learn more about the relative role of the AR group from all our target furniture products examined in this study, the emission rates of individual components in the AR are compared to each other between different furniture types. In light of absolute dominance of aromatics, the emission patterns of VOCs can be examined between individual aromatics and all the remaining components ( Figure 5 ). The predominance of toluene is seen from 4 products (desk chair, bedside table, sofa, and cabinet). In contrast, the pattern for dining table is fairly comparable between different components. This unique pattern of relative compositional changes between different furniture products suggests that the different emission signatures of furniture products can be maintained through time in a relative maintenance sense. include carbonyl compounds (i.e., acetone, hexanal, pentanal, heptanal, nonanal, octanol, decanal, etc.) [20] . The primary VOC components (i.e., formaldehyde, benzene, toluene, ethylbenzene, styrene, and xylene) emitted from PP flooring, wallpaper assemblies, and plywood assemblies (residential house units) were, however, reduced considerably after a bake-out procedure [23] . In our experiment, as the ending period (14 days) approached, the target furniture products generally showed a several-fold reduction in emission magnitude ( Figure 5 ). VOC levels from our PB furniture products were not high with equilibrium emission rates of 0.78 (bedside table) and 0.39 mg/unit/h (cabinet). In contrast, [22] found that the PB specimens emitted greater amounts of VOC that are comparable to engineered flooring. In addition, dining table and sofa made of foam and PU were found to exhibit greatly enhanced VOC levels relative to the others. Typically, the surface of furniture is coated with some feasible coating agents for aesthetic purposes as well as to prevent damage. Initially, it was expected that the VOC levels released from coated furniture (bed-site table and cabinet's surfaces: LPM, PVC, and PP) should be different from those uncoated ones (e.g., surface of table chair, dining table, and sofa made of foam and PU leather). However, the results of our study indicated that there were no significant differences in the emission strengths of uncoated and coated furniture in terms of magnitude. In compliance with our findings, TVOC emission rates of nonveneered MDF and PB (such as low-pressure melamine, decorative lm, and UV curable vanish) were not much different from the patterns of coated products [22] . In addition, VOC emission rates of woodbased panels generally exhibited gradually decreasing trends through time, although their highest values were most commonly seen a day after installation [30] . This pattern is thus highly comparable to that seen in this study.
Factors Affecting Emission Rates from Furniture
Comparison of VOC Emission Rates between Different Studies
To learn more about the emission patterns of VOCs from diverse furniture and materials used in households or buildings, the results of TVOC and individual aromatics measured from previous studies are compiled in Table 6 . Although these emission data are often expressed in different units (μg m −3 and μg m −2 h −1 ), these values are used directly to assess their emission patterns in association with diverse experimental setups used for each study. The results show that there are moderate differences among different types of components determined via the chamber study. Most importantly, toluene is commonly recorded as the predominant component in furniture used in both public facilities and in private housing units ( [23, 35] , this study). However, the measurements made in home and office environments did not provide a quantitative basis for the quantification of toluene [34] . Depending on coating conditions of the furniture type (polishing, varnishing, or noncoating), the concentration levels of these components can widely vary by such factors as agitation [39, 40] and temperature [23] . The emission data were further compared by the magnitude (μg m −2 h −1 ) of a number of wood-based products. However, the patterns were seen to deviate greatly among furniture types [30, 36, 38] . Note that emissions of hardwood and softwood are not coincident with the patterns seen in other studies. Instead, their emissions were dominated by acid acetic and terpenes [37] . As such, the emission characteristics of VOCs from different furniture types are suggested to be affected mainly by the type of materials used for their construction and the way those sampling units are deployed.
CONCLUSIONS
In this paper, the emission rates of VOC from common furniture used in households and buildings were measured by using 5 furniture samples (desk chair, bedside table, dining table, sofa, and cabinet) through time (up to 14 days) after two weeks of their production. The results showed that toluene and α-pinene were the most dominant components of emission, and most VOCs exhibited similarly decreasing trends through time. The relative ordering of emission rates for all five furniture types, if assessed in terms of TVOCs, was highly consistent through time: dining table > sofa > desk chair > bedside table > cabinet. This comparison is extended further to different chemical groups; their relative ordering can be arranged in Brown [30] (wood-based panel, James and Yang [38] Vinyl oor tile 0.01 0.719 the following order: AR > TER > CBN > others > PR > HOL > HPR. The relative dominance of toluene and α-pinene among all individual components emitted from diverse testing samples is suspected to be caused by PU leather and foam, while those made by others (MDF, HDF, PP, and coating agents (PVC and LPM)) were not distinctive enough to influence the overall emission rates. It is thus necessary to understand that signatures of VOC emissions can exist in a highly delicate manner between different kinds of furniture. In light of the human health risks associated with VOCs pollution in indoor environments, a better knowledge of emissions from diverse furniture types, as investigated in a limited scale in this study, are greatly needed to properly maintain a healthy indoor environment for human being.
